Abstract The fatty acid (FA) signaling pathway is emerging as an important mechanism in plant responses during interactions with microbial organisms. For a comprehensive evaluation of key FA biosynthetic pathway genes during interactions of oil palm (Elaeis guineensis Jacq.) with the pathogenic Ganoderma boninense and symbiotic Trichoderma harzianum fungal organisms, a lane-based array analysis of gene expression in artificially inoculated oil palm seedlings was performed. The results obtained demonstrated that acetylCoA carboxylase (ACC), β-ketoacyl-ACP synthases (KAS) II and III, palmitoyl-ACP thioesterase (PTE), oleoyl-ACP thioesterase (OTE) and glycerol-3-phosphate acyltransferase (ACT) showed identical responses in root and leaf tissues for the same fungi. The expression of these genes was upregulated in both root and leaf tissues at 21 days postinoculation (dpi) during interaction of oil palm with G. boninense. Thereafter, production of physical symptoms occurred at 42 and 63 dpi concomitantly with suppression of expression of these genes. An increase in the expression level of these genes was observed in both tissues at 3-63 dpi, which correlated with the colonization of roots and promotion of plant growth by T. harzianum. These data suggest that FA biosynthetic pathway genes are involved in the defense response of oil palm to infection. Identical plant responses by FA biosynthetic pathway genes may lead to enhanced resistance against G. boninense and could be a useful marker to contribute towards early detection of infection. The distinct expression profile during symbiotic interaction demonstrated its role in plant resistance mechanisms and growth promotion by T. harzianum.
Introduction
Oil palm (Elaeis guineensis Jacq.) is a tropical crop and is one of the most important plants grown exclusively for oil. The oil palm fruit is a drupe whose thick fleshy mesocarp is exceptionally rich in oil (80 % dry mass), and produces more oil per unit land area than any other oil-producing plant. The extracted oil is used widely for diverse industrial applications including food, cosmetics, oleo-chemicals and bio-fuel (Murphy 2009; Paterson et al. 2009 ). Ganoderma boninense Pat., which causes basal stem rot (BSR) disease, has been a threat to oil palm production for over 80 years in Malaysia and underscores an obvious need for understanding early control or preventative measures to avoid economic losses (Flood et al. 2000; Paterson et al. 2009 ). As a plant growth promoter and biocontrol agent of BSR, the symbiont fungus Trichoderma harzianum produces or releases a series of bioactive metabolites that play a role in both induced resistance and growth regulation of plants. Hence, this fungi-plant interaction is mutually beneficial (Vinale et al. 2008; Shoresh et al. 2010; Alizadeh et al. 2011) .
A complex network of defense strategies is employed by plants to protect against microbial pathogens. The plant defense responses begin when plants are exposed to general microbial elicitors. These microbial elicitors are named pathogen-or microbe-associated molecular patterns. Host endogenous elicitors termed damage-associated molecular patterns, are also capable of inducing immune reactions in plants. Pathogen or microbe recognition by plants is associated with specific molecular patterns-triggered immunity or effector triggered immunity (ETI)-that enhance existing defenses and elicit other inducible defense signaling pathways (Gohre and Robatzek 2008; Kachroo and Kachroo 2009; Zipfel and Robatzek 2010; Zambounis et al. 2012) . ETI is often accompanied by rapid accumulation of reactive oxygen species (ROS), associated with a hypersensitive reaction, resulting in cell death at localized sites of infection (programmed cell death). Concurrent with local defense responses, microbe recognition often results in the induction of defense responses in systemic tissues (Gohre and Robatzek 2008; Vlot et al. 2009; Zipfel and Robatzek 2010; Yu et al. 2013 ).
The three principal phytohormones-salicylic acid (SA), jasmonic acid (JA) and ethylene-play major roles in the regulation of plant defense responses. Necrotrophic pathogens that actively kill host tissue are generally affected by JA/ethylene mediated defenses (Verhage et al. 2010; Yuan et al. 2013 ). In addition, the JA/ethylene signaling pathway is involved in the symbiont-mediated plant protection process (Shoresh et al. 2010) . Plants modulate the relative abundance of phytohormone levels, modify the expression of defense-related genes and coordinate complex interactions between defense signaling pathways to activate an effective defense response (Pieterse et al. 2009; Verhage et al. 2010) . Fatty acid (FA) biosynthetic pathways play significant roles in pathogen defense and are involved in cross-talk with various phytohormones Venugopal et al. 2009 ).
In a previous study, we demonstrated that the expression of two different isoforms of stearoyl-ACP desaturase (SAD1 and SAD2) were up-regulated in G. boninense inoculated seedlings when physical symptoms had not yet appeared, and were subsequently down-regulated when symptoms became visible. T. harzianum infection enhanced SAD1 and SAD2 expression levels in oil palm tissues (Alizadeh et al. 2011) . Therefore, to better understand the role of FA biosynthetic pathway genes in oil palm, it was imperative to study the expression of key FA biosynthetic genes following pathogen-symbiont infection. Plant FA biosynthetic pathway genes that are induced upon the recognition of microbe/pathogen-derived molecules play a direct role in inducing various modes of plant defenses (Bari and Jones 2009; Venugopal et al. 2009; Kachroo and Kachroo 2009 ). Studies of FA biosynthetic pathway genes also reveal an active signaling role of the cuticle exposed to the external environment in the plant defense response (Dehesh et al. 2001; Podkowinski et al. 2003; Kachroo and Kachroo 2009; The and Ramli 2010) . In addition to local defenses, FAs and their derivatives influence systemic defense responses ). Finally, breakdown of FAs results in the production of oxylipins, which participate in plant defense responses, particularly through JA-mediated signaling, or by a direct role as antimicrobial compounds or serving as constituents for plant cuticle formation (Weber 2002; Kachroo and Kachroo 2009) .
In the present study, expression patterns of FA biosynthetic pathway candidate genes (ACC, KAS II, KAS III, palmitoyl-TE, oleoyl-TE and ACT) were investigated in oil palm tissues challenged by the pathogenic G. boninense and symbiotic T. harzianum fungal organisms to evaluate the role of these genes in plant defense response. Understanding the genetic mechanisms in G. boninense infection will lead to the design of appropriate strategies to produce palms resistant to Ganoderma for improved disease control and the development of markers for early detection of infection. As G. boninense and T. harzianum undergo pathogenic or symbiotic development, respectively, at different points in their infection cycle, both fungi are suitable for studies aimed at uncovering unifying principles underlying both types of interaction.
Materials and Methods

Plant Materials and Fungal Treatments
Four-month-old oil palm (Elaeis guineensis Jacq. Dura × Pisifera) seedlings were used as host plants and were provided by Sime Darby, Golden Hope Plantation, Banting, Malaysia. Fungal cultures of G. boninense PER 71and T. harzianum FA 1132 isolated from oil palm were obtained from the stock collection of the Mycology Laboratory, Biology Department, Faculty of Science, Universiti Putra Malaysia.
Oil palm seedlings were inoculated with G. boninense and T. harzianum as described previously (Alizadeh et al. 2011) . Briefly, sterilized rubber wood blocks (RWB) were inoculated with 4-day-old G. boninense. The inoculated blocks were incubated at 28±2°C for 4 weeks in darkness. Empty fruit bunches (EFB) inoculated with T. harzianum conidial suspension containing 1.9×10 9 conidia/ml were incubated at 28±2°C for 2 weeks in darkness. The inoculated EFBs were applied onto pot surfaces. All treatments were carried out in ceramic garden pots of 31.0×27.5× 16.5 cm size and filled with 10 kg Munchung series soil. Treatments with uninoculated carriers were used as negative controls. The experiment was carried out in a plant house under normal temperatures and natural lighting, and seedlings were watered twice a day with 200 ml tap water (a simplified representation of the fungal inoculation methods is shown in Fig. 1 ).
Scoring for Disease Response and Disease Severity
Disease symptoms were recorded on a scoring scale of 1-6 in G. boninense inoculated seedlings (Supplementary Table 1 ). Disease severity (DS) was determined using a standard formula (Silvar et al. 2009) 
Þwhere n b is the number of plants per scoring class; b is the scoring class; N is the total number of tested plants; and B is the highest scoring class. Koch postulates were performed for infections analysis according to previously described methods (Alizadeh et al. 2011 ).
Quantitative Assessment of Plant Biomass
Dry and fresh plant biomass was evaluated at the beginning and end of the experiment. Oil palm plants were carefully removed from the pots and soil was removed under running water. Total fresh (shoot and root) biomass was recorded. Plant samples were oven-dried to constant weight at 60°C and the dry biomass was recorded. Identification of differential growth was based on a consistent fold change of dry and fresh plant biomass relative to untreated negative control plants. The biomass levels measured at the end of experiment were normalized to the levels determined at the start. The statistically significant variation of plant biomass (P≤0.0001) with ≥2 or ≤0.5 fold change relative to the untreated negative control was classified as either growth promotion or suppression, respectively.
RNA Extraction
Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions with slight modifications. RNA quality and quantity were determined by electrophoresis and spectrophotometry. Any genomic DNA contamination was removed using an RNase-Free DNase Set (Qiagen).
Primer Design
To ensure maximum specificity and efficiency during quantitative reverse transcription PCR (qRT-PCR) amplification under a standard set of reaction conditions, primers were designed from the protein coding region using the Primer Premier 5.0 software (Biosoft International, Palo Alto, CA). The GenBank accession number, primer sequence, melting temperature, and amplicon size for each candidate are presented in Table 1 .
Quantitative Reverse Transcription PCR qRT-PCR reactions were performed using a One-Step RT-PCR kit (Qiagen) in a T Personal thermocycler (Biometra, Göttingen, Germany). Each reaction was set to 25 μl final volume containing 5 μl 5× One-Step RT-PCR buffer, 1 μl 400 μM dNTP, primers at a final concentration of 0.6 μM for the target transcript and 0.3 μM for the internal control transcript, 5 μl 5× Q-Solution, 1 μl enzyme mix, 1 μl RNase inhibitor and 0.2 μg RNA template. qRT-PCR was performed using the following protocol: Cycle 1 (1×); step 1, 50.0°C for 30 s; Cycle 2 (1×); step 1, 95.0°C for 15 s; Cycle 3 (28×); step 1, 94.0°C for 45 s; step 2, 53-56°C for 45 s; step 3, 72.0°C for 1 min; Cycle 4 (1×); step 1, 72.0°C for 10 min. Each reaction was performed in three technical replications for each of three biological replications, and the amplification products were analyzed using three lane-based arrays by agarose gel electrophoresis and densitometric scanning analysis (Molecular Imager Gel Doc XR System, Bio-Rad, Hercules, CA). Data were analyzed using the Quantity One 1-D Analysis software version 4.6.5 (BioRad) and the abundance of target transcripts was normalized to reference (actin) transcripts. The absolute quantity of the abundance of transcripts was examined by lane-based arrays using the quantity standards function and regression model with extrapolation. A DNA mass standard (MassRuler™ DNA Ladder, Fermentas, Amherst, NY) was used as quantity standard. The level of transcripts was quantified by an absolute quantification method using a calibration curve constructed from a dilution series of the quantity standard. Identification of differentially expressed genes was based on consistent fold change across experimental replicates relative to untreated negative controls. Genes with statistically significant variation and a fold change of ≥2 or ≤0.5 were classified as up-regulated or down-regulated, respectively. Normal variability in expression of each gene was evaluated, whereby the expression levels of all genes of interest were normalized to actin expression as an internal amplification control.
Cloning and Sequencing
Amplified PCR products were purified using the QIAquick Gel Extraction Kit (Qiagen) and cloned or directly sequenced. The PCR products were cloned into a yT&A® vector (Yeastern Biotech, Taipei, Taiwan) and transformed into chemically competent ECOS TM 101 Escherichia coli cells (Yeastern Biotech). White colonies were used as templates for PCR with M13 primers for easy and precise screening of clones. The plasmid was purified using a QIAprep®Miniprep Kit (Qiagen) according to the manufacturer's instructions. To further validate the accuracy of insertion into the vector, the purified recombinant vector was used as a template in PCR using M13 universal primers. Sequencing was performed using an outsourced commercial sequencing service provider (First BASE Laboratories SdnBhd, Seri Kembangan, Malaysia). The sequence similarity was analyzed via nucleotide Blast against the nonredundant nucleotide database in the National Center for Biotechnology Information.
Experimental Design and Statistical Analysis
The treatment used for this experiment is shown in Supplementary Table 2. A two-factorial experiment of six treatments (T) and six FA biosynthetic pathway genes (G) was conducted in which the replications were nested within each T × G combination. The analysis, i.e., the analysis of variance (ANOVA) was performed by the following linear additive model (LAM):
wherein Y ijk = ijk th observations; a i = i th treatment effects; β j = j th gene effects; (aβ) ij = ij th T × G interactions effects; and ε ijk = ijk th error term.
In the above LAM, ε ijk was the pooled error term of experimental and sampling errors. The experimental error was the biological replicate nested to T × G combinations, while the sampling error was the technical replicates nested within biological replicate × T × G. The protected leastsignificant difference (LSD) test was used for multiple mean comparisons. Statistical analysis was performed using SAS software (version 9.1; SAS Institute, Cary, NC). All experiments were repeated to compensate for possible errors. As the results of analysis obtained in the second repeat were the same as the first, the results shown are data from the first experiment. Three replications of plants and samples of five technical replicates for each treatment were used for assessment of plant biomass. The contrast procedure was used to compare between-group means.
Root and leaf tissues were harvested at 0, 3, 7, 21, 42 and 63 days post-inoculation (dpi) and flash-frozen immediately in liquid nitrogen at −80°C. Disease symptoms were recorded at the same time in G. boninense inoculated plants. Growth parameters were assessed at the beginning (0 dpi) of each treatment, and at the end of the experiment (63 dpi). Plants were harvested at 0, 3, 7, 21, 42 and 63 dpi and degree of attack of G. boninense was measured with seven replications of plants. We investigated interactions between oil palm, the pathogen fungus G. boninense, and the symbiotic fungus T. harzianum at different time points (Fig. 2) . Four-month-old oil palm seedlings were inoculated with G. boninense and the degree of exposure to pathogen assault was determined. The degree of oil palm exposure to G. boninense assault achieved 0.89 % ±1.59 at 21 dpi and continued to increase to 2.67 %±3.33 and 7.56 %±5.35 at 42 and 63 dpi, respectively (Table 2) . Symptoms, including chlorotic leaves and the appearance of white fungal mass, were observed at 42 dpi, and more severe disease symptoms developed with formation of basidiomata and necrotic lesion at 63 dpi in oil palm inoculated with G. boninense (Fig. 2g-j) . No G. boninense mass or necrotic lesions were present in control plants. The necrotic lesions in basal stems of infected plants exhibited light brown discoloration delimited by a darker irregular reaction zone with an outer edge of an irregular yellow (transition) zone that has been reported to play an important role in pathogen defense (Fig. 3) (Rees et al. 2009 ). Koch's postulates were fulfilled for boninense uninoculated. c T. harzianum inoculated. d T. harzianum uninoculated. e Untreated negative control seedlings at 63 days postinoculation (dpi). f G. boninense colonized root surface at 3 dpi (black arrow). g G. boninense colonized and penetrating roots at 63 dpi (Koch's postulates were fulfilled for infections analysis). The black arrow indicates colonization of roots. h G. boninense produced chlorotic leaves at 42 dpi. i, j Basidiomata produced on basal stem of oil palm at 63 dpi. k, l basidiomata produced on G. boninense RWB carriers used as positive control at 21 and 63 dpi, respectively. m G. boninense colony on PDA isolated from basidiomata. n Mycelium and clamp connection of G. boninense isolated from internal root of infected oil palm and basidiomata (Lactophenol cotton blue staining).
o Colony forming unit of T. harzianum on rose bengal agar. p Mycelium and spores of T. harzianum observed under light microscope (Lactophenol cotton blue staining) infection analysis with T. harzianum (Fig. 2o-p) ; however, the percentage of root colonization by T. harzianum was 100 % at 21-63 dpi. The population level of T. harzianum in inoculated treatment was 6.14±0.01 log CFU/g soil dry weight (Alizadeh et al. 2011) .
To determine the effect of the fungi on plant growth, dry and fresh biomass of oil palm seedlings were measured at the beginning and end of the experiment. Compared to the untreated negative control, the change in oil palm dry biomass was 0.53-fold (±0.31) at 63 dpi in G. boninense inoculated plants. The dry biomass of the T. harzianum inoculated plant was approximately 1.80-fold higher than the untreated negative control. The fresh biomass of T. harzianum-inoculated seedlings demonstrated a significant 2.17-fold (±0.15) promotion of oil palm growth (P≤0.0001).
Expression of FA Biosynthetic Pathway Genes in Untreated Oil Palm Roots and Leaves qRT-PCR was used to investigate the expression profile of FA biosynthetic pathway genes, including ACC, KASII and III, PTE, OTE and ACT in oil palm tissues at different time points in untreated plants. The analysis was performed with RNA extracted from leaves and roots and the expression levels of the genes of interest were normalized to the expression level of actin used as an internal amplification control. The qRT-PCR analysis revealed that FA biosynthetic pathway genes are expressed in both tissues analyzed. There was no significant difference between expression levels of FA biosynthetic pathway genes in both tissues at different time points. The expression level of FA biosynthetic pathway genes were significantly (P≤0.0001) different among genes. The expression level of PTE and ACC were significantly (P≤0.0001) higher than other genes in both tissues ( Supplementary Fig. 1 ). (e) at 63 days postinoculated (dpi). f Necrotic lesion (black arrows) in basal stem of infected plant exhibiting light brown discoloration delimited by darker irregular reaction zones with an outer edge of an irregular yellow (transition) zone (Rees et al. 2009) harzianum were analyzed by qRT-PCR as described previously (Alizadeh et al. 2011 ). Representative expression profiles of RT-PCR products as analyzed by agarose gel electrophoresis are shown in Supplementary Figs. S2 , S3, S4 and S5 for leaf and root tissues of G. boninense and T. harzianum, respectively. The reliability of RT-PCR amplification was confirmed by DNA sequencing. The sequences displayed high similarity when compared with the nonredundant nucleotide sequences from GenBank and were confirmed to have 97-100 % identify with their respective gene sequences. Thus, these expression profiles offer a dynamic system with which to study expression events during oil palm interaction with the pathogen and symbiont.
Lane-Based Array Analyses of qRT-PCR Products Revealed
The expression profile of FA biosynthetic pathway genes exhibited significant differences (P≤0.0001) in both tissues at different time points during the interaction of oil palm with G. boninense. Interestingly, patterns of expression of FA biosynthetic pathway genes were similar for all six genes in both tissues inoculated with G. boninense. Transcript levels remained constant at the times tested (0-7 dpi) in comparison to the untreated negative control. Furthermore, the findings demonstrated that the relative quantification of FA biosynthetic pathway genes displayed significant upregulation (P≤0.0001) compared to the untreated negative control at 21 dpi in both tissues inoculated with G. boninense. ACC gene exhibited a higher expression level (P≤0.0001) at the site of infection (root tissues) than in leaf tissues in G. boninense-inoculated plants at 21 dpi. The expression level of ACC in leaf tissues was higher than that in roots at 42 and 63 dpi (Fig. 4 and Supplementary Figs. 2,  3, 6 ). FA biosynthetic pathway genes appeared to be upregulated at approximately the same level. The fold changes relative to untreated negative control in terms of gene expression for ACC, KAS III, ACT, KAS II, OTE, and PTE were 2.62±0.01, 2.60±0.02, 2.56±0.02, 2.51±0.02, 2.48± 0.02 and 2.44±0.02, respectively ,in leaf tissues. Meanwhile, the fold changes compared to the untreated negative control regarding the expression of FA biosynthetic pathway genes for ACC, KAS III, ACT, KAS II, OTE, and PTE were 2.63±0.01, 2.61±0.02, 2.59±0.02, 2.53±0.02, 2.49±0.01 and 2.45±0.02, respectively, in root tissues. However, FA biosynthetic pathway genes were significantly down-regulated (P≤0.0001) in oil palm seedlings treated with G. boninense at 42 and 63 dpi. Our results indicate that the time point expression profiles of FA biosynthetic pathway genes observed can be divided into two groups at 42 and 63 dpi in both tissues. The highest down-regulation, exhibited by ACT, PTE, OTE and KAS III, was classified as group I. KAS II and ACC, which were down-regulated at lower levels, belonged to group II. No significant change was detected in expression levels of FA biosynthetic pathway genes in uninoculated G. boninense treatments and untreated negative control plants.
The results indicate that there were changes in expression levels of FA biosynthetic pathway genes in both leaves and roots in T. harzianum-inoculated treatments at 3 to 63 dpi ( Fig. 5 and Supplementary Figs. 4, 5, 7) . Expression of ACC, KAS II and OTE increased at 3 dpi and thereafter was maintained at the same level in both leaves and roots. The expression levels of ACT, PTE, and KAS III were increased at 3 dpi and reached a significantly high level at 63 dpi. These findings indicate that there was no significant difference between expression levels of these genes in leaf and root tissues in T. harzianum treatments. The fold change variation in terms of expression level of FA biosynthetic pathway genes for ACC, KAS III, ACT, KAS II, OTE, and PTE were observed in both tissues in T. harzianum-inoculated plants. Our findings demonstrate that ACC expression was significantly (P≤0.001) up-regulated at 3 and 7 dpi by 2.00 -and 2.01-fold (± 0.02), respectively, and were maintained at this level thereafter in oil palm roots. Compared to untreated negative controls, the change in expression level for KAS III was 2.00-fold (± 0.10) at 3 and 7 dpi, and maintained at this level thereafter in roots. The expression level of ACC, KAS II, KAS III, PTE, OTE, and ACT in leaf tissues increased 1.99, 1.93, 1.99, 1.84, 1.92 and 1.96-fold, respectively at 3-63 dpi. There were no significant (P>0.0001) differences in expression level of FA biosynthetic pathway genes in T. harzianum uninoculated seedlings compared to untreated negative controls. The results thus revealed differentially expressed FA biosynthetic pathway genes in oil palm.
Discussion
Our results provide important experimental data in support of the FA biosynthetic pathway playing a significant role in the oil palm defense system. Our data are consistent with earlier observations that inducing expression of FA biosynthetic pathway genes triggers a defense response in plants (Podkowinski et al. 2003; Figueroa-Balderas et al. 2006; Raffaele et al. 2009; Kachroo and Kachroo 2009; The and Ramli 2010; Alizadeh et al. 2011; Zhang et al. 2012) . This study represents a first report of transcriptional profiling of FA biosynthetic pathway genes in G. boninense (a pathogenic fungus)-and T. harzianum (a symbiotic growthpromoting fungus)-induced gene expression changes in oil palm. Interactions of oil palm with G. boninense and T. harzianum result in induction of expression of many FA biosynthetic pathway genes (ACC, KAS II, KAS III, PTE, OTE and ACT) based on lane-based array analyses. FAs and their derivatives are not only major structural and metabolic constituents of the cell, they also play important roles as signaling molecules evoked by environmental and developmental changes (Upchurch 2008; Kachroo and Kachroo 2009; Savchenko et al. 2010; Lei et al. 2012 ).
The relationship between host and pathogen is dynamic, since each modifies the activities and functions of the other. Although the defense mechanisms in oil palm remain a matter for speculation, defenses are possibly more dependent on the efficacy of antimicrobial compounds than on physical and wall-associated responses (Rees et al. 2009 ). Lignin-degrading enzymes can contribute to the observed reaction zone response patterns in oil palm (Yamada 2001; Rees et al. 2009 ). Our results were consistent with the findings of Rees et al. (2009) , which presume that the reaction zone performs a protective role in oil palm. Plant defense responses include an oxidative burst leading to production of reactive oxygen intermediates. This response, resulting in cell death, accumulation of phytoalexins and formation of insoluble brown polyphenolic materials and/or suberin, shares a number of properties with reaction zone formation (Pearce 2000; Barry et al. 2001; Gohre and Robatzek 2008) . The regulation of expression of FA biosynthetic pathway genes is involved in the perception of defense signals during interactions of oil palm with G. boninense. Studies have revealed that FA signaling molecules such as fatty acid amides are the starting material for many vital signal molecules in plants that coordinate accumulation of defense gene transcripts (Weber 2002; Bruce and Pickett 2007; Kachroo and Kachroo 2009 ). In the interaction of oil palm with G. boninense, up-regulation of expression of FA biosynthetic pathway genes induced oil palm defense responses and led to enhanced resistance to G. boninense. This is reflected by the adherence and initial multiplication of G. boninense at 21 dpi in oil palm interaction, and with the absence of any physical symptoms on the oil palm. The fungal pathogen secretes effectors that suppress expression of these genes by interfering with elicitor-receptor activity, plasma membrane ATPases and signaling pathways (El Hadrami et al. 2012) , resulting in susceptibility to pathogenic fungi and hence production of disease. This is demonstrated by the suppression of expression of genes associated with FA biosynthetic pathway leading to manifestation of physical symptoms at 42 and 63 dpi. This result suggests that FA biosynthetic pathway genes may play a role in genetic resistance to G. boninense infection in oil palm. In biological organisms, FAs and their derived metabolites appear to play important roles as modulators of a multitude of signal transduction pathways involved in pathogen defense (Upchurch 2008; Kachroo et al. 2008; Kachroo and Kachroo 2009; Alizadeh et al. 2011 ). The interactions of oil palm with G. boninense exhibit two distinct phases: an early stage in which there are no physical clinical symptoms, and where, biologically, expression of FA biosynthetic pathway genes is higher; and a later stage with degradation of root tissues and decreased expression of genes involved in the FA biosynthetic pathway. It is interesting to observe the general pattern of expression of these genes during interactions of oil palm with G. boninense in term of detection for G. boninense infection and determining the stage of infection, particularly using leaf tissue, which is convenient and accessible. Plants possess complex and elaborate mechanisms to defend themselves against attack by pathogens. Resistance-genemediated immunity confers protection against pathogens, which depends on the type of genes involved and the recognition of effectors (El Hadrami et al. 2012) . Interactions between plants and microbes can significantly affect plant gene expression and metabolism. There is mounting evidence that even minor perturbations of cellular FA composition suffice to enhance the levels of phytohormones, which in turn enhances resistance to all biotic challenges (Upchurch 2008; Savchenko et al. 2010) .
Plants seem to be able to distinguish between different kinds of fungi. The initial signal(s) would be the first elicited defense response, which is very specific and differs in most organisms, but there are similarities in subsequent signaling and gene expression (Bruce and Pickett 2007) . The symbiotic fungus T. harzianum, has root colonization characteristics that differ from those of the pathogenic fungus, G. boninense. T. harzianum hyphae coil around the roots, form appresoria-like structures and penetrate the root cortex. T. harzianum grows in intercellular spaces and induces the surrounding plant cells to deposit cell wall materials and produce phenolic compounds. The metabolites produced by Trichoderma that activate the expression of defenseassociated genes, improve root system and promote the growth of the plant are different from those of G. boninense (Vinale et al. 2008; Ortiz-Castro et al. 2009; Shoresh et al. 2010) . Studies have revealed that many classes of compounds released by Trichoderma species into the zone of interaction induce localized or systemic defense responses such as systemic acquired resistance and induced systemic resistance (Harman et al. 2004; Ortiz-Castro et al. 2009; Shoresh et al. 2010) .
Trichoderma species are generally resistant to plant defense responses. This resistance is considered an essential requirement for plant colonization (Harman et al. 2004 ). Interaction of oil palm with T. harzianum increased the expression level of FA biosynthetic pathway genes, which was correlated with colonization of roots and promotion of oil palm growth at 3-63 dpi. This suggests that genes associated with the FA biosynthetic pathway participate in plant growth and development. The fold change variation in terms of genes associated with FA biosynthetic pathway expression in T. harzianum-inoculated oil palm seedlings was comparable with the highest levels found in G. boninense. Like other compounds induced in the plant defense response, induction of FA biosynthetic pathway genes during T. harzianum infection suggests a role in disease resistance and its ability to serve as a biological control agent of G. boninense. These results suggest that the high expression level of FA biosynthetic pathway genes observed in the G. boninense inoculated oil palm is sufficient for enhancing resistance to G. boninense.
Here, we show that six genes of the FA biosynthetic pathway were up-regulated upon fungal infection in oil palm. Our results demonstrate that plant FA biosynthetic pathway genes are induced in response to pathogen (G. boninense) and symbiont (T. harzianum) infection. A key enzyme in the regulation of FA biosynthesis is ACC (Ohlrogge and Jaworski 1997; Harris et al. 2013) . Expression of cytosolic ACC is involved in very long chain fatty acid (VLCFA), flavonoid phytoalexins biosynthetic pathways and production of oxylipins, which are important components of the defense response (Garcia-Ponce and Rocha-Sosa 2000; Podkowinski et al. 2003 ). The expression levels of cytosolic ACC increased in alfalfa (Medicago sativa) cell cultures when yeast or Colletotrichum lindemuthianum elicitor was added to the culture medium (Shorrosh et al. 1994) . Moreover, in common bean (Phaseolus vulgaris) cell cultures, ACC mRNA accumulated after yeast elicitor or Pseudomonas syringae pv tabaci treatment (Garcia-Ponce and Rocha-Sosa 2000) .
In this study, ACC, KAS II, KAS III, PTE, OTE and ACT expression were induced together in a highly coordinated manner by fungal infections in oil palm. However, there is no direct evidence regarding signaling pathways or components that regulate expression of FA biosynthetic pathway genes in oil palm. Nevertheless, it was observed that genes involved in de novo FA biosynthetic pathway share the same temporal transcription pattern (Ruuska et al. 2002; Baud et al. 2009 ). The WRI1-like contig, EgAP2-2 transcription factor, regarded as a central regulator of FA biosynthesis is highly expressed in oil palm mesocarp. Also the AWbox sequence in several genes belonging to the core FA biosynthetic pathway was identified and confirmed as the cis-element involved as the direct binding site for WRI1 (Maeo et al. 2009; Tranbarger et al. 2011) .
Evidence is accumulating relating these different FA genes with plant defense responses. For example, the VLCFA biosynthesis pathway has been associated recently with plant defense. Microarray expression profiling on Arabidopsis thaliana infected with Pseudomonas syringae pv. tomato (Pst) DC3000 showed up-regulation of the thioesterase gene family (Naidoo et al. 2007 ). Thioesterase family proteins were expressed following Beet necrotic yellow vein virus infection in sugar beet, and are involved in plant defense response (Thiel and Varrelmann 2009) . Glycerol metabolism was shown to participate in host defense, suggesting a role for glycerol and its metabolites in both host defense and pathogenesis. For instance, the levels of glycerol and G3P in the host changed dramatically during the pathogenesis of C. higginsianum on A. thaliana (Chanda et al. 2008; Kachroo and Kachroo 2009) .
Exploring the complexity and dynamism in the reciprocal relationship between plants and their antagonists is required in order to understand the fine tuning of regulation of plant defense responses. A better understanding of the roles of FA genes in defense responses will be useful in designing appropriate strategies to produce palms resistant to Ganoderma. Inducing plant defense responses by increasing expression levels of these genes may lead to enhanced resistance against G. boninense. The differential expression patterns demonstrated by the FA genes suggest their involvement in plant resistance response and growth promotion by T. harzianum. Together, profiling expression of FA biosynthetic pathway genes may have potential applications for developing molecular markers for early detection of biotic stress in oil palm and differentiating between pathogenic and symbiotic interactions. However, it will be important to provide information on the levels of proteins encoded by selected FA biosynthetic pathway genes and quantification of the FA and oil levels in oil palm.
